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Abstract Pinched flow fractionation is shown to be 
an efficient and selective way to quickly separate par- 
ticles by size in a very polydisperse semi-concentrated 
suspension. In an effort to optimize the method, we dis- 
cuss the quantitative influence of the pinching intensity 
in the balance between the requirements of selectivity 
and minimal dilution. 
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1 Introduction 



Pinched-flow frac- 



Sorting micro-particles of different sizes for analytic and 
preparative purposes has become a great challenge in 
the fields of chemical or biology research, or even indus- 
trial production. The development of microfluidic tech- 
niques has enabled control of flows at a scale similar to 
the size of the particles together with the use of small 
amounts of fluid, a target in the process of improving 
efficiency and reducing costs and dilution of samples. 



As reviewed in (Pamme (2007); Kersaudy-Kerhoas 



et al (2008)), several systems were recently developed 



in that purpose. Generally one expects a quick and pre- 
cise separation of large quantities of particles, together 
with low cost and human intervention. In addition, the 
ability to handle highly concentrated suspensions can 
also be considered as a requisite. Among these systems, 
pinched flow fractionation (PFF), which was initially 



proposed in Yamada et al (2004), has the advantage of 
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Fig. 1 Scheme of the sorting device. The particles suspension 
is injected with flow rate Qi and is pinched by a particle- 
free fluid with flow rate Q2 in a segment of width 2d. The 
suspension then enters a broad segment and splits into 30 
outlets. In our experiment, 2d = 70/^m and the thickness of 
the channels is 99/^m. Drainage with flow rate Q3 was also 
added, but its effect is not discussed here. 



being a continuous process based only on hard-core in- 



teraction between particles and walls (Luo et al (2011 )) 



which is optimized by dedicated flow control. In par- 
ticular, no use of an external field such as gravity or 
pressure waves is needed, so that no specific particle 
property is required. 

The principle of PFF is extremely simple (see Figure 
[I]) : the suspension of (spherical) particles to be sorted is 
pushed against a wall by a particle-free pinching fluid. 
Due to their finite size, the centers of the particles are 
then located on the flow streamline one particle radius 
distant from the wall. In principle, collecting each of 
these streamlines leads to collecting each subpopulation 
of the sample. In practice, two geometrical improve- 
ments are necessary. As most of the pinching fluid will 
remain particle-free, it is convenient to limit its vol- 
ume. The pinching is thus realized in a channel (the 
pinched segment) whose width 2d should be similar to 
the diameter 2i? max of the largest particle to be sorted. 
Secondly, collecting subsamples with narrow size dis- 
tributions requires that the lateral distance between 
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the different populations is increased. This is achieved 
through a broadening of the pinched segment, allowing 



to add downstream collecting channels (Andersen et al 



( 20091 )). 

As at least the top half of the fluid will remain 
particle-free, it is convenient to drain it through a sin- 
gle outlet, in order to maximize the space available for 



the expansion of particle-charged streamlines (Takagi 



et al (20051; Vig and Kristensen (2008); Maenaka et al 



(2008)). Alternatively, Sai et al. added microvalves to 
close some collecting outlets in order to better control 



the final destination of the particles (Sai et al (2006)). 
At low Reynolds number, which generally applies to 
such systems, the final destinations in the collecting 
set-up of the fluid streamlines created after pinching 
should theoretically not depend on the geometry of the 
pinched segment and its expansion. Some works how- 
ever explored possible geometrical variations and their 
consequences on separation efficiency as compared to 



the expected one ( 


Yamada et al 


(2004); 


Zhang et al 


(2006 


); 


Maenaka et al ( 


2008 


|). Anyhow, it is likely that 



the small variations observed are mainly due to chan- 



nel imperfections, 3D effects or optical errors (Jain and 



Posner| ( [2008| ). 

In most of the above cited papers, the proposed set- 
up is validated by injecting a very dilute mixture of 
a small number (between 2 and 4) of subpopulations 
of spherical particles with very different radii. Noting 
A the ratio between the radii of a large particle and a 
smaller one, the following papers include such a valida- 
Yamada et all (I2004D 



tion: 



A > 1.4; 



Zhang et aJjj20Q6^, A 



= 2; 


Takagi et al 


( 


2005 


= 2.5; Sai et al 


( 


2006 



A > 1.4; Jain and Posner (2008), A = 1.5; Morijiri et al 



(2011), A = 1.7. Vig and Kristensen considered seven 



subpopulations which are mixed and sorted, but their 



concentration is very low (0.05%) (Vig and Kristensen 



(2008)). As a result, those studies do not fully validate 
all expected performances of a sorting device, namely 
the possibility to separate efficiently particles out of 
a continuum of sizes in a concentrated sample while 
avoiding excessive dilution in the process. As concentra- 
tion may lead to increased interactions between parti- 
cles and possibly decrease the selectivity of the system, 
the influence of this parameter needs to be explored. 

Maenaka et al. have considered an emulsion with 
continuous droplet radius distribution between and 30 
/im, with a concentration of 5% (Maenaka et al (2008)). 
The sample is injected at a flow rate Qi = 300/jT/h, 
with a confining flow Q 2 = 9<3i (see Figure [I]), and 
three collecting channels are used. The size distribu- 
tions in these three channels are quite well separated, 
although overlappings of around 5 microns seem to oc- 
cur. As the initial population is only split into three sub- 



populations, the monodispersity, that is, the existence 
of a narrow size distribution relatively to the mean size, 
remains weak in each of them . 

In this paper, we wish to go further and optimize the 
flow rate ratio Q1/Q2 between the suspension and the 
pinching fluid, in order to find the good balance between 
the requirements of selectivity and minimal dilution. 
In the meantime, we show that subsamples with good 
monodispersity can be quickly obtained. 

2 Experimental set-up 

As test particles, we use lipid vesicles obtained through 



the standard electroformation technique ( Angelova et al 



( 1992 1), which straightforwardly produces polydisperse 
samples with a continuous size distribution. In order to 
ensure spherical shapes and prevent lateral migration in 



the pinched segment due to viscous forces ( Coupier et al 



(20081), a sucrose solution is encapsulated and vesicles 
are immersed in a slightly hypo-osmotic glucose solu- 
tion. Being spherical, the vesicles can only deform if 
their membrane is stretched. The ability of the flow to 
stretch the membrane is given by the capillary num- 
ber C a = t]U/k s , where r\ is the fluid viscosity, U its 
typical velocity, and K the membrane stretching mod- 



ulus, of order 0.3 N/m for DOPC membranes (Rawicz 



et al (2000)). The maximum flow rate considered here 
will be 20 mL/h, in a channel of typical size 100 x 100 
/im, therefore C a will be of order 10~ 3 at maximum, 
and vesicle deformation can be neglected. The use of 
different fluids inside and outside the vesicles also al- 
lows particle visualization through a phase contrast mi- 
croscope coupled to a fast camera. The sorting device 
is a standard PDMS microfluidic chip bounded to a 
glass plate (Figure [IJ). The pinched segment has width 
2d = 70^m and thickness 99/im. From now on, we set 
d as the lengthscale of the problem. The sorted sub- 
samples are observed in 30 collecting channels located 
at the end of the broadened segment. In this proof 
of concept device with no sample collection, they all 
converge to a unique outlet at atmospheric pressure. 
Additional drainage through a sucking with flow rate 
Q3 = 0.9(Qi + Q2) was added in order to increase the 
number of channels with particles. Note that the best 
location of this drainage is a complex issue as an infin- 



ity of geometrical variation s are possible (|Yamada et al 
(p004|;|Takagi et all (|2005| ; | Vig and Kristensen| (|2008|); 



Maenaka et al (2008)). We shall not explore this in this 
work. 

The particles have radii lying between and 0.97 (in 
d unit), and split into the 16 first channels (which indi- 
cates that our drainage is not optimal). In each outlet 
channel the mean radius < R of the particles and 
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the standard deviation is measured. The flow rate Q2 
was kept constant to 10 mL/h, and Qi was varied be- 
tween 0.2 and 10 mL/h. We wish to find the optimum 
ratio Q1/Q2 but this parameter would depend on the 
chosen width 2c? (larger d would require larger Q2 for 
the same pinching efficiency), which depends itself on 
the maximum size of the particles to be sorted. A more 
appropriate parameter is therefore the width d± occu- 
pied in the pinched-segment by the fluid coming from 
channel 1. Roughly, d\ should be of the order of the 
radius of the smallest particles to be sorted. 

Finally, initial volume concentrations of 0.8 and 4.8 
% are considered. 



3 Results 

Figures [2]ja) and [2^b) show the mean sizes of the par- 
ticles in the different channels for different values of d\ 
between 0.16 (Qi = 0.2 mL/h) and 1 (Q x = 10 mL/h). 
For di < 0.51, good separation is achieved, with stan- 
dard deviations of the order of the half distance between 
two neighboring mean values. 

In addition to this separation, the obtained sub- 
samples have a good monodispersity: the particles of 
radii ranging from 0.05 to 0.97 split into 16 subsamplcs 
where the mean radius increases quasi linearly and the 
standard deviation is roughly constant in the different 
channels and equal to 0.017 for d\ = 0.16, 0.021 for 
d\ = 0.36 and to a still reasonable 0.036 for d\ = 0.51. 
Note that if particles of radii between and 1 are per- 
fectly separated into 16 subpopulations, the size differ- 
ence between the smallest and the largest particle in 
each subpopulation is 0.063, which gives a standard de- 
viation of around 0.016, so with d\ = 0.16 we reach the 
best possible monodispersity with our choice of outlet 
channels. 

The monodispersity quality can be estimated by the 
ratio between the standard deviation and the mean ra- 
dius, and from channel 1 to channel 16 we find that it 
goes from 17% to 2% when di = 0.16 and from 36% to 
4% when d\ = 0.51. The low quality for small particles 
is related to the choice of outlet channels with equal 
widths, but the good quality obtained for larger parti- 
cles show that this is just a scale issue that would be 
solved by local refinements at the level of the outlets 
receiving the smallest particles. 

As d\ is increased even more, the standard devia- 
tions increase drastically while the mean radius varies 
less between the outlets, in particular for high radii, so 
separation is not achieved. Note that, for d\ = 0.62, 
outlets 14 to 16 have narrow standard deviations, as 
well as outlet 16 for d\ — 0.77: the pinching is still 
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Fig. 2 (color online) Size distributions in the outlet chan- 
nels, (a) and (b): results for initial concentration of 0.8% and 
varying pinched width d± (that is, varying Qi/Q^)- (c): re- 
sults for initial concentration of 4.8% compared with previous 
ones. 



strong enough to prevent smaller particles from being 
at the same level as the large particles that enter these 
outlets. For intermediate channels (around channel 10) 
or for d\ = 1, the population is roughly bidisperse. This 
can be seen in Figure [§a): the narrow distribution of 
outlet 3 becomes wider in outlet 7 and 10 and two dis- 
tinct populations appear in outlet 12 and 15. A possible 
explanation of this phenomenon can be reached through 
purely geometrical considerations if one takes into ac- 
count the effects of walls in inlet 1, before pinching. In 
this area, the distribution of small particles extends to 
closer distances to the top wall than larger ones. If the 
pinching is not strong enough, a reminiscence of this 
distribution will be found in the pinched fluid, with 
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Fig. 3 (color online) Particle probability densities n,i(R) in 
the outlets. rii(R)dR is the probability to get a vesicle of 
radius between R and R + dR when picking up one in channel 
i. (a): for some selected outlets for a concentration of 0.8% 
and di = 0.77 (same data as in [2jV)). (b): in the 14 outlets 
analyzed for a concentration of 4.8% and d\ = 0.36 (same 
data as in|2|c)). 



some small particles higher than larger ones. On the 
other hand, the bottom wall in the pinched segment 
prevent the largest particles from respecting this ini- 
tial order and they must stay in upper position, where 
non-pinched small particles lie. 

Finally, it is remarkable that separation with d\ 
around 0.5 is almost as good as with the more intu- 
itive choice of d\ — 0.16, which is of the same order 
as the smallest particles considered here (even smaller 
ones, that enter channel 1, were barely distinguishable). 
If all the small particles present in the initial suspen- 
sion were present in the whole pinched area of width 
d\ = 0.51, they should be present until channel 10, 
where < R >= 0.50, which is clearly not the case. One 
must therefore admit that collective effects take place, 
so that for instance small particles could be pushed 
against the wall by larger particles. 

Finally, as shown in Figures [2jc) and [3^b), good 
separation and monodispersity are also achieved for a 
concentration of 4.8%: standard deviations are 0.027 
with d\ = 0.36, which is comparable with the more 
dilute case. The monodispersity quality reaches 3% for 
the larger particles. 



4 Conclusion 

We have shown that pinched flow fractionation is an ef- 
ficient technique to separate a semi-concentrated poly- 
disperse suspension of micrometric spherical particles 
into subsamples with tiny overlappings. In addition, 
monodisperse suspensions with a few % of variation 
in sizes can be obtained from that initial suspension 
where size variations reach 50%. Moreover, broader ini- 
tial size distribution would probably not increase the fi- 
nal monodispersity quality in each sub-sample since the 
main issue is to separate small to medium sized par- 
ticles. According to the desired monodispersity qual- 
ity of the final subsamples the location and width of 
the collecting outlets can be optimized. Here, we con- 
sidered outlets of equal width, which resulted in con- 
stant standard deviation between subsamples, thus low 
relative monodispersity quality in the small particles 
samples. Getting constant monodispersity quality re- 
quires to consider outlet of linearly increasing width. If 
one wishes to get concentrated samples at the outlet, 
a pinched suspension width 4 or 5 times larger than 
the radius of the smallest particles surprisingly appears 
to be a good compromise: confining more tightens a 
little bit the distributions, but dilutes more the sam- 
ples, while a weaker confinement leads to bad sorting. 
These conclusions are valid for a semi-concentrated sus- 
pension (concentrations around 5%) and for quite high 
flow rates (some mL/h, that is one order of magnitude 



higher than in Maenaka et al (2008)). Note that for 
Qi + Q-2 = 11 mL/h, the Reynolds number is of or- 
der 100 in the pinched segment, so lateral drift of in- 



crtial origin could have perturbed the sorting (Segre 



and Silberberg ( 1961 )). However, inertial lift or viscous 
lift (that can occur in the case of deformable particles) 
often increase with particle size, therefore they should 
preserve the sorting effect and only shift the location of 
collecting outlets. 

In addition, we have shown that bidisperse suspen- 
sions can be easily obtained through weaker pinching. 
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